The activation of cAMP-responsive element-binding protein (CREB)-dependent gene expression is thought to be critical for the formation of different types of long-term memory. To explore the consequences of chronic enhancement of CREB function on spatial memory in mammals, we examined spatial navigation in bitransgenic mice that express in a regulated and restricted manner a constitutively active form of CREB, VP16-CREB, in forebrain neurons. We found that chronic enhancement of CREB activity delayed the acquisition of an allocentric strategy to solve the hidden platform task. The ability to turn on and off transgene expression allowed us to dissect the role of CREB in dissociable memory processes. In mice in which transgene expression was turned on during memory acquisition, turning off the transgene reestablished the access to the memory trace, whereas in mice in which transgene expression was turned off during acquisition, turning on the transgene impaired memory expression in a reversible manner, indicating that CREB enhancement specifically interfered with the retrieval of spatial information. The defects on spatial navigation in mice with chronic enhancement of CREB function were not corrected by conditions that increased further CREB-dependent activation of hippocampal memory systems, such as housing in an enriched environment. These results along with previous findings in CREB-deficient mutants indicate that the relationship of CREB-mediated plasticity to spatial memory is an inverted-U function, and that optimal learning in the water maze requires accurate regulation of this pathway.
Genetic and pharmacological studies have demonstrated that the activation of the cAMP-responsive element-binding protein (CREB) pathway, important in memory storage in invertebrates, also plays an active role in memory storage in mammals (Kandel 2001; Barco et al. 2003; Josselyn and Nguyen 2005) . However, critical aspects of the role of CREB in learning and memory in mammals are still unclear. In particular, the role of CREB in spatial navigation remains controversial. Numerous studies have shown that spatial memory formation is associated with increased CREB phosphorylation within the hippocampus (Mizuno et al. 2002; Colombo et al. 2003; Moncada and Viola 2006; Porte et al. 2008 ). Also supporting a role for CREB in hippocampal-dependent spatial memory, mice homozygous for a deletion of the a and d isoforms of CREB were originally reported to have a specific deficit in longterm memory revealed in several memory tasks, including the Morris water maze (Bourtchuladze et al. 1994 ). This study represented the first evidence for a role of CREB in memory formation in rodents and was soon confirmed by experiments in rats, in which the intrahippocampal infusion of CREB antisense oligos caused deficits in spatial learning (Guzowski and McGaugh 1997) . However, further analyses of the CREB hypomorphic mutants demonstrated that the spatial memory defect was sensitive to genetic background (Graves et al. 2002) . Indeed, the analysis of four different strains of CREB-deficient mice (including the CREB adÀ/À hypomorphic mutant) in the water maze failed to demonstrate any specific deficit in spatial memory (Balschun et al. 2003) . The apparent deficits previously described were better explained by an increment in thigmotaxis behavior rather than impaired spatial learning. Part of these discrepancies may result from compensation of CREB deficiency by up-regulation of other transcription factors belonging to the same family (Blendy et al. 1996; Mantamadiotis et al. 2002) . In contrast to the most recent studies on CREB hypomorphic and brain-restricted knockout animals (Balschun et al. 2003) , the induction of a dominant negative CREB mutant in the dorsal hippocampus of transgenic animals produced spatial memory deficits that could be reversed after turning the transgene off (Pittenger et al. 2002) .
To further explore the role of CREB in behavior we have turned to gain-of-function approaches. These have contributed importantly to clarify the role of CREB in the consolidation of different forms of memory (Josselyn et al. 2001; Mouravlev et al. 2006; Brightwell et al. 2007; Restivo et al. 2008; Viosca et al. 2009 ), but have not as yet been applied to explore the role of CREBdependent gene expression in spatial memory in the Morris water maze. To explore the consequences of chronic enhancement of CREB function on spatial memory, we examine spatial navigation in bitransgenic mice that express in a regulated and restricted manner a constitutively active form of CREB, VP16-CREB, whose strong transactivation activity is independent of the signaling cascades that regulate wild-type CREB (Barco et al. 2002) . We and others have found that VP16-CREB expression up-regulated the expression of a number of CREB target genes (Barco et al. 2005) , reduced the threshold for late-phase LTP (Barco et al. 2002; Marie et al. 2005; Alarcon et al. 2006) , and increased neuronal excitability (Dong et al. 2006; Han et al. 2006; Lopez de Armentia et al. 2007 ). Here we find that the chronic enhancement of CREB activity interferes with retrieval of complex spatial associations in a reversible manner. Our results, together with previous loss-offunction studies (Bourtchuladze et al. 1994; Pittenger et al. 2002) , support a role for CREB-dependent gene expression in hippocampus-dependent learning and memory, but indicate that optimal learning in the water maze requires accurate regulation of this pathway so that either prolonged or excessive overexpression of CREB activity interferes with optimal hippocampal-based memory storage and expression.
Results

Constitutive activation of CREB during learning causes spatial memory deficits
To investigate the consequences of chronic enhancement of CREB function in spatial navigation and memory, we used a bitransgenic mouse strain, , that expresses in a regulatable manner a constitutively active CREB variant. In this strain, strongest transgene expression occurs in pyramidal neurons of the CA1 subfield and in granular cells of the dentate gyrus, but VP16-CREB is also expressed in other forebrain regions (Barco et al. 2002) .
The Morris water maze is a widely used tool to assess hippocampus-dependent learning and memory in rodents. We first tested VP16-CREB high mice in the visible platform task (Fig.  1A) . We did not observe significant differences between genotypes in path length ( Fig. 1B; F (1,54)genotype = 0.340, P = 0.562; F (1,54) genotype 3 session = 0.002, P = 0.968), escape latencies (Supplemental Fig. S1A ), or swimming speed (Supplemental Fig. S1B ), indicating normal vision, motivation, and locomotor activity and coordination. Thigmotaxis was also similar in bitransgenic mice and control littermates, indicating a similar level of anxiety (Supplemental Fig. S1C ). The lack of phenotypes in the visible platform task enabled the specific assessment of spatial learning and memory using the hidden platform task, since both tasks have similar performance requirements.
We therefore assessed acquisition and expression of spatial memory in VP16-CREB high mice using the hidden platform version of the task. Again, we did not observe any significant difference in thigmotaxis or swimming speed (Supplemental Fig.  S1B,C) . Both VP16-CREB high off dox mice and their control littermates showed significant improvement over training. Repeated measures ANOVA did not reveal significant differences on path length ( Fig. 1C; F (1,54)genotype = 3.810, P = 0.056) or escape latencies (Supplemental Fig. S1A ; F (1,54)genotype = 1.546, P = 0.219) over the 9 d of training. Interestingly, both genotypes showed a similar performance during the first week of training (ANOVA path length from H1 to H5: F (1,54)genotype = 0.863, P = 0.357; ANOVA latency from H1 to H5: F (1,54) genotype = 0.132, P = 0.718), but bitransgenic animals began to drift apart during the second week (ANOVA path length from H5 to H9: F (1,54)genotype = 7.648, P = 0.008; ANOVA latency from H5 to H9: F (1,54)genotype = 4.178, P = 0.046). Since different strategies are engaged during early and late stages of training in the hidden platform task, this result may suggest that enhanced CREB function interfered specifically with the acquisition of an allocentric spatial strategy during the second week of training. Moreover, VP16-CREB high mice showed significant deficits in the two probe trials (P1 and P2) performed on days 5 and 10 of training (Fig. 1D) . In P1, VP16-CREB high mice displayed a lower number of crossings in the target annulus (control = 5.1 6 0.4, VP16-CREB high = 3.6 6 0.3, t (54) = 2.434, P = 0.018). P2 revealed an even more marked defect measured both in annulus crossings (control = 7.6 6 0.6, VP16-CREB high = 5.1 6 0.4, t (37) = 3.165, P = 0.003) and target quadrant occupancy ( Fig. 1D ; control = 58 6 2%, VP16-CREB high = 48 6 3%, t (54) = 2.840, P = 0.006).
These results show that chronically enhanced neuronal excitability (Lopez de Armentia et al. 2007 ) and a reduced threshold for L-LTP (Barco et al. 2002) do not necessarily lead to enhanced learning. In VP16-CREB mice, these traits were indeed associated with mild impairments in spatial learning and memory.
Turning off transgene expression reverses the spatial learning and memory deficits
We next assessed whether the spatial memory defect observed in VP16-CREB high mice was a direct consequence of the changes in CREB function and not a manifestation of altered brain development or brain damage in this mutant strain. This experiment was particularly relevant because we have previously shown that the sustained and strong enhancement of CREB function for several weeks can trigger epileptic seizures and, eventually, cause neuronal loss in the hippocampus. It should be noted, however, that our behavioral experiments were performed at a time in which no gross neuronal damage was detected (Lopez de Armentia et al. 2007) .
Previous experiments have demonstrated that 1 wk of dox administration is sufficient to suppress transgene expression and reverse the electrophysiological properties of hippocampal neurons back to normal (Barco et al. 2002; Lopez de Armentia et al. 2007) . To test whether the spatial memory defect was also reversed with this treatment, we fed part of the mice trained in the water maze experiment described above with dox-supplemented food (Fig. 1A) . Dox administration started immediately after probe trial P2 (18 d off dox). A subset of the bitransgenic mice and control littermates were kept off dox as control for reversal. After resting in their homecages for a week without receiving any further training, the mice were tested in a third probe trial. The two groups of control mice (paired t-test: control ''On/Off'': P2 = 57 6 3%, P3 = 48 6 4%, t (14) = 2.441, P = 0.028; control ''On'': P2 = 62 6 6%, P3 = 46 6 4%, t (5) = 6.089, P = 0.002) and VP16-CREB high mice maintained off dox (paired t-test: VP16-CREB high ''On'': P2 = 48 6 3%, P3 = 29 6 4%, t (16) = 6.000, P < 0.001) performed worse in P3 than in P2. In contrast, the group VP16-CREB high ''On/Off'' did not show significant forgetting of the platform location (paired ttest: VP16-CREB high On/Off: P2 = 48 6 3%, P3 = 41 6 3%, t (17) = 1.614, P = 0.125). In agreement with these observations, the comparison between genotypes revealed a recovery of the deficits in VP16-CREB ''On/Off'' mice (Fig. 1E , top, left: control = 48 6 3%, VP16-CREB high = 41 6 3%, t (31) =1 .368, P = 0.181; bottom, left: control = 5.6 6 0.6 crossings, VP16-CREB high = 4.94 6 0.6 crossings, t (31) = 0.730, P = 0.471), while VP16-CREB ''On'' mice maintained a poor performance (Fig. 1E , top, right: control = 45 6 3%, VP16-CREB high = 28 6 3%, t (21) = 2.515, P = 0.020; bottom, right: control = 6.5 6 0.8 crossings, VP16-CREB high = 3.2 6 0.5 crossings, t (21) = 3.311, P = 0.003). Furthermore, VP16-CREB high ''On'' mice showed significant deficits when compared with VP16-CREB high ''On/Off'' mice (t (33) crossings = À2.084, P = 0.045; t (33) %Time = À2.395, P = 0.022), but there was no difference between the two groups of control littermates. Two important conclusions can be drawn from this experiment: (1) The similar performance of VP16-CREB mice and control littermates fed with dox (''On/Off'' Figure 1 . VP16-CREB high mice show impaired spatial memory in the water maze. (A) Schematic summary of the experimental protocol. VP16-CREB high (n = 35) and control mice (n = 21) were trained in the visible platform (VP) and hidden platform (HP) tasks using a four-trial per day protocol. Dox was removed from the mouse diet 3 d before starting the VP task (8 d before training in the HP task). Probe trials to assess memory acquisition were performed before training on day H5 (P1) and 24 h after concluding training in the hidden platform task (P2). After P2 (day 10 of the HP task), a randomly selected subgroup of VP16-CREB high mice (18) and control littermates (15) were fed again with dox food to turn off transgene expression and assess the reversal of memory deficits. The remaining 23 mice (17 VP16-CREB high mice and six control siblings) were kept off dox. One week later, we performed an additional probe trial (P3) and started to train the same mice using a new platform location. (T) Transfer task. A last probe trial (P4) was performed 24 h after training on T4. (B) Mice from both genotypes showed similar acquisition curves during training in the visible platform task. (C ) Both genotypes also showed similar learning during the first week of training in the hidden platform task. However, VP16-CREB high mice failed to improve their performance as much as control littermates during the second week of training. (D) Spatial memory for the HP task was assessed in two probe trials (P1 and P2). Mice expressing constitutively active CREB spent less time in the TQ in P2 than control siblings. The analysis of annulus crossings revealed significant deficits both in P1 and in P2 (top), whereas the analysis of percentage of time in TQ only revealed significant changes in P2 (bottom). (E ) The memory defect of bitransgenic mice was readily reversed by turning off transgene expression before performing a third probe trial (P3). This reversal was observed both in the number of annulus crossings (top) and percentage of time in the TQ (bottom). (Left) Mice on dox (transgene turned off); (right) mice off dox (transgene turned on). (F ) Bitransgenic mice fed with dox after the second probe trial performed similarly to control littermates in the transfer task. (G) Bitransgenic animals did not show significant defects in annulus crossings (top) and time spent in the TQ (bottom) in the fourth probe trial. (#) Significant difference between genotypes in sessions H5-H9 (P < 0.05, repeated measures ANOVA); (*) significant differences between groups (P < 0.05, t-test); (+) significantly different of the chance value 25% (P < 0.05, t-test). groups) indicated that the memory deficits detected in the two first probe trials were a direct effect of transgene expression and could thereby be reversed; (2) the significant difference between VP16-CREB ''On/Off'' and VP16-CREB ''On'' mice in the absence of additional training suggested that either forgetting was reduced in VP16-CREB ''On/Off'' or that the chronic enhancement of CREB function interfered specifically with memory retrieval, rather than with memory acquisition.
We completed this water maze experiment testing whether VP16-CREB ''On/Off'' and control littermates were able to learn a new platform location (transfer task) to assess whether the learning deficit, like the memory impairment, could be reversed. We did not observe significant differences between genotypes either in the escape latency or path-length curves during training in the transfer task ( Fig. 1F ; path-length ANOVA, F (1,31)genotype = 0.128, P = 0.723; latency ANOVA, F (1,31)genotype = 0.068, P = 0.796) or in the probe trial performed after 4 d of training (Fig. 1G) . These results support the view that the impairments were largely due to direct effects of VP16-CREB expression.
VP16-CREB interferes with spatial learning by mechanisms that are independent of transgene integration site and the late deleterious effects of chronic CREB activation
To strengthen the evidence indicating that the impairment of spatial learning was a direct consequence of transgene expression and confirm that transient transgene expression did not cause an irreversible impairment of hippocampal function, we carried out an independent water maze experiment in which we assessed the performance of bitransgenic mice that had expressed the transgene for 2 wk previous to training in the water maze ( Fig. 2A) . Under those circumstances, bitransgenic mice did not show any impairment and behaved as control littermates during training (Fig. 2B) . Also, no difference was observed in the two probe trials ( Fig. 2C ; P1, t (12) = À0.125, P = 0.902; P2, t (12) = À2.007, P = 0.070).
The effective reversion of learning and memory deficits by dox together with their early onset after dox removal indicate that the strong enhancement of neuronal CREB activity in VP16-CREB high mice interferes with spatial learning and memory by mechanisms that are independent of the neurodegenerative process observed in this mouse strain at later times. In agreement with this view, the analysis of an independent bitransgenic strain expressing a lower level of VP16-CREB, VP16-CREB low mice, which also showed enhanced excitability in CA1 neurons and facilitated LTP in the Schaffer-collateral pathway, but no apparent cell loss (Lopez de Armentia et al. 2007) , also revealed learning impairments in the water maze, although milder than those observed in VP16-CREB high mice (Fig. 3) . The same fourtrial per day protocol described for VP16-CREB high mice did not reveal significant differences between VP16-CREB low mice and their control littermates either in the path-length curve or in the two probe trials (Fig. 3B,C) . However, VP16-CREB low mice did not show a preference for the target quadrant in the first probe trial (P1 = 30.8 6 4.9% against 25%, t (7) = 1.193, P = 0.269), whereas their control siblings already showed a significant preference (P1 = 39.4 6 5.5% against 25%, t (7) = 2.628, P = 0.035). To confirm the existence of these mild defects in an independent experiment, VP16-CREB low mice and control littermates were trained using a two-trial per day protocol (Fig. 3D,E) . The reduced training revealed a clear delay in the path-length curve of VP16-CREB low mice ( Fig. 3D ; F (1,16)genotype = 5.186, P = 0.037). Given the greater difficulty of this task, neither bitransgenic nor control mice showed significant memory for the platform location in P1. Also, no significant difference between genotypes was observed in the second probe trials (Fig. 3E) . The milder spatial learning impairment of VP16-CREB low mice correlates with the lower level of expression and weaker electrophysiological phenotypes observed in this mouse strain.
Chronic enhancement of CREB activity interferes with the retrieval of spatial information
We have shown that VP16-CREB high mice have memory deficits that disappeared when transgene expression was turned off by dox (Fig. 1, cf. D and E, left) . This result argued against a pure acquisition deficit, and suggested that transgene expression interfered with memory expression rather than storage, i.e., it caused a specific deficit in memory retrieval. To confirm this result and assess whether chronic enhancement of CREB activity interfered with the retrieval of previously acquired spatial information, we carried out a new water maze experiment with VP16-CREB high mice, in which the mice were trained with the transgene turned off and transgene expression was switched on only during retrieval of the previously acquired spatial information (Fig. 4A) . As in the experiment presented in Figure 2 , bitransgenic mice kept on high (n = 6) and control mice (n = 8) were trained in the visible platform (VP, data not shown) and hidden platform (HP) tasks using a four-trial per day protocol. Both groups of mice were kept off dox for 15 d before starting the VP task. Probe trials to assess memory acquisition were performed before training on day H5 (P1) and 24 h after concluding training in the water maze (P2). (B) VP16-CREB high mice that had expressed the transgene for 2 wk acquired the task at a similar rate as control littermates. (C ) No difference was observed in the two probe trials. (+) A percentage of time statistically different from the chance value 25% (P < 0.05, t-test).
Chronic CREB enhancement impairs spatial memory www.learnmem.org dox performed the visible and hidden platform task as well as their control littermates (VP: F (1,19) genotype = 0.308, P = 0.585 and HP, Fig. 4B : F (1,19) genotype = 0.438, P = 0.516). They also showed normal memory in the first probe trial (Fig. 4C : P1, transgene off). However, transgene induction and, consequently, enhancement of CREB function, interfered with the retrieval of the acquired memory for platform location during the second probe trial (Fig.  4C : P2, transgene on). The impairment was manifested in a significant worsening of the performance of VP16-CREB high mice during P2. Thus, bitransgenic mice did not show a significant preference for the target quadrant (% in TQ (VP16-CREB) = 28.6 6 2.7% vs. chance value, t (12) = 1.324, P = 0.210), whereas their control littermates did (% in TQ (CONTROL) = 35.6 6 3.3%, t (7) = 3.187, P = 0.015).
When we turned off transgene expression for an additional week and tested for memory retention 2 wk after training, we found that neither control nor VP16-CREB high mice showed a significant preference for the target quadrant (results not shown). However, both genotypes showed similar reactivated memory after a single training session (Fig. 4C : P3, transgene off). Notably, repeated measures analysis revealed a significant genotype 3 probe trial interaction (F (2,38) = 3.578, P = 0.038), indicating that both groups behaved differentially during the probe trials. Interestingly, this analysis showed that the performance of VP16-CREB mice across the three probes followed a clear quadratic tendency (F (1,12) = 24.616, P < 0.001). In control mice the trend was revealed between quadratic (F (1,7) = 5.591, P = 0.050) and linear (F (1,7) = 4.340, P = 0.070). The comparison between P2 and P3 (F (1,19) = 5.886, P = 0.025) revealed a significant genotype 3 probe trial interaction, suggesting that the memory trace was preserved in mutant mice despite the expression memory deficit observed in P2 when retrieval was evocated with the transgene turned on. These differences in the performance across probe trials between genotypes are especially evident if we observe the behavior of individual mice (Fig. 4D ).
Environmental enrichment does not correct the learning deficits of VP16-CREB mice
Environmental enrichment (EE) augments CREB immunoreactivity in the hippocampus (Williams et al. 2001; Huang et al. 2006 Huang et al. , 2007 , enables LTP reinforcement, increases intrinsic neuronal excitability, and reduces AHP in CA1 neurons (Artola et al. 2006; Irvine et al. 2006; Kumar and Foster 2007) , changes which are also observed in VP16-CREB high mice readily after transgene induction (Barco et al. 2002; Lopez de Armentia et al. 2007 ). We speculated that housing in an enriched environment could accentuate the cognitive impairments associated with chronic enhancement of CREB function by further increasing CREB activity. Worsening of memory defects by environmental enrichment would be, however, paradoxical, because it is well known that laboratory rodents housed in an EE perform better in cognitive task than those housed in standard cages (SC).
To test this idea, we examined the performance of VP16-CREB high mice and control littermates housed in an enriched environment in the water maze (Fig. 5A) . Similar to the experiment described in Figure 1 , we did not observe significant differences between genotypes in the visible platform task or during the first week of the hidden platform task, but bitransgenic mice showed delayed learning during the second week of training (ANOVA analysis H5-H8: path length: F (1,69)genotype = 8.409, Also consistent with previous experiments (Fig. 1) , we found that although VP16-CREB high mice showed some memory for the platform location, they performed worse than control mice in both probe trials, P1 (annulus crossings: F (1,69)genotype = 7.883, P = 0.006; Fig.  5D ), and P2 (annulus crossings: F (1,69)genotype = 15.819, P < 0.001; Fig. 5D ; %Time in TQ: F (1,69)genotype = 23.457, P < 0.001; Fig. 5E ). Interestingly, we found a significant genotype 3 housing interaction in P2 (F (1,69) = 6.008, P = 0.017), indicating that memory expression is differentially affected by environmental enrichment in control and VP16-CREB high mice (Fig.  5E) . A deleterious effect of environmental enrichment on VP16-CREB high mice was suggested by the results of the comparison between genotypes for a given housing condition (Fig. 5D,E) . Bitransgenic mice housed in standard cages (SC) showed a lower number of annulus crossings in P2 than control littermates maintained in the same conditions (F (1,35) = 6.349, P = 0.016). The memory deficits were even more pronounced in the group of animals housed in an enriched environment (EE) (annulus crossings in P1: F (1,34) = 5.780, P = 0.022; annulus crossings in P2: F (1,34) = 9.713, P = 0.004; %Time in TQ in P2: F (1,34) = 36.384, P < 0.001).
We concluded this experiment by switching overnight the housing conditions of a subset of the animals in the four experimental groups and performing an additional probe trial (P3). The animals did not receive further training between P2 and P3. The change of housing conditions had no effect in the two groups of control mice (data not shown), but affected the performance of transgenic mice (Fig. 5F,G) . The elimination of environmental enrichment (EE!SC) reversed the stronger deficit observed in the VP16-CREB high EE group to the significant, but milder deficits previously observed in the VP16-CREB high SC group. Repeated measures analysis of the performance of both bitransgenic groups in P2 and P3 revealed a significant probe 3 group interaction (target quadrant occupancy: F (1,17) = 7.974, P = 0.012, annulus crossings: F (1,17) = 5.379, P = 0.033), indicating that the switching of housing conditions had a differential effect in the two groups of VP16-CREB high mice. Strikingly, the group of VP16-CREB high mice EE!SC improved their performance in P3 and now showed a significant preference for the target quadrant that was absent the day before, in P2, when the mice were housed in the enriched environment (P2 = 25.4 6 4.2% against 25%, t (8) = 0.099, P = 0.923; P3 = 43.1 6 3.1% against Figure 4 . Impaired retrieval. (A) Schematic summary of the experiment. VP16-CREB high (n = 13) and control siblings (n = 8) maintained with dox-supplemented food were trained in the visible platform (VP, data not shown) and hidden platform (HP, three trails per day) tasks. Twenty-four hours after the last training session in the HP task, a probe trial was performed (P1). The same day, dox was removed from the mouse diet. Two additional probe trials (P2 and P3) were performed in order to assess the effect of turning on and off the transgene upon memory retrieval. A single training session was performed 24 h before P3 for memory reactivation, because we had found that 2 wk after training neither genotype showed a preference for the target quadrant. Spatial memory was assessed 24 h later. (B) Control and bitransgenic mice, in which VP16-CREB expression was turned off during training, showed similar learning in the visible and hidden platform tasks. (C ) Both genotypes showed similar performance in the first probe trial (gene off). VP16-CREB high mice had a memory defect in the second probe trial (gene on) and did not show a preference for the target quadrant, whereas their control siblings did. A third probe trial was performed one week after turning off again transgene expression (i.e., 2 wk after concluding training in the HP task); both genotypes showed again a preference for the target quadrant in P3. Repeated measures ANOVA revealed a probe 3 genotype interaction between P2 and P3 confirming the recovery of VP16-CREB high mice when the transgene was turned off. (D) The plot of individual performances across the three probes shows a clearer quadratic tendency in the group of VP16-CREB high mice. (+) A percentage of time statistically different from chance (P < 0.05, t-test).
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Cold Spring Harbor Laboratory Press on September 14, 2016 -Published by learnmem.cshlp.org Downloaded from 25%, t (8) = 5.857, P < 0.001; Fig. 5G ). Whereas VP16-CREB high SC!EE showed a relatively stronger deficit in P3 (VP16-CREB high SC!EE = 1 6 0.2 crossings vs. control SC!EE = 3.7 6 0.5 crossings, F (1,17) = 22.549, P < 0.001) than in P2 (Fig. 5D , right: VP16-CREB high SC = 1.7 6 0.2 crossings, control SC = 3.2 6 0.5 crossings, F (1,35) = 6.349, P = 0.016). Nevertheless, mutant mice still underperformed their control siblings in P3 (annulus crossings: F (1,34)genotype = 23.611, P < 0.001; %Time in TQ: F (1,34)genotype = 8.363, P = 0.007). Overall, these results indicate that environmental enrichment did not correct the memory deficits observed in VP16-CREB high mice. On the contrary, some parameters even suggested that the expression memory impairment Both environmental enrichment and CREB enhancement have been proposed to modulate hippocampal gene expression, in some cases acting on similar gene programs (Barco et al. 2005; Nithianantharajah and Hannan 2006) . To demonstrate the synergistic action of environmental enrichment and VP16-CREB on gene expression, we investigated the expression of the neurotrophin BDNF, which has been found to be one of the main effectors of both environmental enrichment (Rossi et al. 2006 ) and VP16-CREB (Barco et al. 2005 ) effects, in VP16-CREB high mice and control littermates housed in an enriched environment. The genomic structure of the BDNF gene is unusually complex since it contains multiple promoters that may be differentially regulated (Aid et al. 2007 ). Experiments in rat neuronal cultures have found that membrane depolarization induces the transcription from promoters P1 and PIV (PIII in the rat), which both contain CRE sites (Tao et al. 2002) . We have previously found that VP16-CREB was very effective in driving BDNF expression from the CRE located at PI, whereas PIV was strikingly not affected, despite the presence of a functional CRE (Barco et al. 2005) . We examined BDNF induction by enriched environment in VP16-CREB high bitransgenic animals and control littermates and found that, as expected, both conditions increased BDNF expression. The effects of transgene expression and environmental enrichment on PI transcriptional activity were additive (Fig. 6) . Environmental enrichment enhanced PI-driven transcription in both control (t (2.7) = À4.198, P = 0.028) and VP16-CREB high mice (t (6.8) = À2.307, P = 0.055). In contrast, PIV transcriptional activity appeared to be modulated only by environmental enrichment (Fig. 6) . In other loci, the interaction may be more complex; for example, in the case of c-fos, we observed a chronic elevation of c-fos transcripts in VP16-CREB high mice, whereas its expression was only transiently up-regulated in control mice housed in an enriched environment in response to novelty (Fig. 6 ) (results not shown).
Discussion
The behavioral analysis of bitransgenic mice, in which it is possible to increase CREB activity in forebrain neurons, particularly in pyramidal and granular neurons of the hippocampus, in a regulatable manner, has allowed us to gain novel insight into the role of CREB-mediated activity in spatial memory, as well as into the possible consequences of chronic enhancement of this signaling pathway. We have shown that mice expressing a constitutively active CREB variant have state-dependent memory deficits in the water maze. The early onset and reversibility of these deficits, together with the detection of similar traits in a second bitransgenic strain and the absence of appreciable cell loss at the times in which the mice underwent water maze training, demonstrate that the spatial memory impairment is a direct consequence of the chronic enhancement of CREB function and, likely, of the concomitant changes in the physiology of hippocampal neurons rather than an indirect consequence of cellular damage or abnormal brain development.
The ability to turn on and off transgene expression with dox has allowed us to gain novel insight into the mechanism by which chronic enhancement of CREB function interferes with learning and to define the memory stage affected by this molecular manipulation. In mice in which transgene expression was turned on during memory acquisition, turning off the transgene reestablished the access to the memory trace, whereas in mice in which transgene expression was turned off during acquisition, turning on the transgene impaired memory expression in a reversible manner. These results suggest that spatial memory can still be acquired under high CREB activity, but chronic enhancement of CREB function can cause retrograde amnesia by interfering with the retrieval of complex spatial information. Interestingly, the learning deficit of VP16-CREB high mice was only manifested in the escape latency and path-length curves during the second week of training (as observed in the experiments described in Figs. 1 and 5 ). Different strategies are engaged during early and late stages of training in the hidden platform task. After a first phase of habituation to the pool, the mice switch from a random search strategy to locate the pool to an allocentric spatial strategy, in which the spatial map is refined. Retrieval of spatial information is likely more important in the second phase of the task, which is what may explain that bitransgenic mice only expressed a deficit during the second week of training. Although the identity of the molecular alterations underlying VP16-CREBinduced retrieval defects remains unknown, the synergistic interaction between environmental enrichment and CREB enhancement suggests that the relationship of CREB-mediated plasticity to memory retrieval is a steep inverted-U function. Whereas the shift in neural plasticity caused by environmental enrichment facilitated learning in control animals, it interfered further with retrieval in VP16-CREB mutants. The interaction at the level of BDNF PI promoter, which may also likely occur at other loci, provides a possible molecular substrate for this synergistic action. Thus, it has been shown that overexpression of BDNF can cause learning impairments (Croll et al. 1999; Pietropaolo et al. 2007) .
We have earlier found a chronic reduction of the threshold for L-LTP and increased intrinsic excitability of CA1 neurons in the hippocampus of VP16-CREB high mice (Barco et al. 2002; Lopez de Armentia et al. 2007 ). This might cause an excessive number of synapses within the hippocampal network of transgenic mice to become potentiated over the several days of training in the water maze, which, in turn, might interfere with the access to stored memories. Consistent with this view, post-training LTP induction can also cause retrograde amnesia, possibly by interfering with the Figure 5 . Effect of environmental enrichment in spatial memory. (A) Scheme of the protocol used. VP16-CREB high mice (n = 39) and control siblings (n = 38) were trained in the visible platform (VP) and hidden platform tasks (HP). Three days before starting training in the VP task, dox was removed from the mouse diet and half of the mice were housed in enriched environments (EE: 19 VP16-CREB high and 19 control littermates), while the other half remained in standard cages (SC: 20 VP16-CREB high and 19 control littermates). Spatial memory was assessed in three probe trials: P1 was performed before training on day H5, P2 was performed 24 h after finishing the 8-d training protocol in the HP task. In a subset of the animals (19 VP16-CREB high and 19 control littermates), the housing conditions were switched after P2 (VP16-CREB high SC!EE = 10, VP16-CREB high EE!SC = 9, control SC!EE = 9, and control EE!SC = 10). A third probe trial ( Chronic CREB enhancement impairs spatial memory www.learnmem.org activation of recently formed hippocampal memory networks (Martin and Morris 2002; Diamond et al. 2004) . Interestingly, we have also observed that the expression of VP16-CREB bypassed the requirement for de novo gene expression associated with longterm memory formation in contextual and cued fear conditioning tasks, suggesting that CREB-dependent gene expression can be sufficient for fear memory consolidation (Viosca et al. 2009 ). The effects in fear memory consolidation and spatial memory retrieval observed in mice with enhanced CREB activity might have a physiological correlate in normal behaving animals. Memory reinforcement and retroactive amnesia are two features associated with the formation of flashbulb memory during highly stressful experiences (Diamond et al. 2004 (Diamond et al. , 2006 . During such events a number of neuromodulator molecules are widespread released within several forebrain areas. These neuromodulatory inputs have been shown to trigger CREB activation and de novo gene expression, inhibit afterhyperpolarization, and reduce the threshold for L-LTP (Sah and Bekkers 1996; Cohen et al. 1999; Haug and Storm 2000; Fuenzalida et al. 2007 ). All of these alterations are observed in the hippocampus of VP16-CREB high mice shortly after transgene induction. Therefore, VP16-CREB expression might mimic, at the cellular level, the chronic activation of neuromodulatory afferent inputs. Retrograde amnesia and interference with the acquisition of complex tasks may be a necessary downside effect of robust LTP and enhanced intrinsic plasticity.
Genetic enhancement of learning has been achieved through manipulations that provided a net increase in the signal-to-noise ratio of neuronal networks (Tang et al. 1999; Malleret et al. 2001; Genoux et al. 2002; Chen et al. 2003; Jeon et al. 2003; Nolan et al. 2004; Wang et al. 2004; Kushner et al. 2005) . In contrast, chronic activation of plasticity-related signaling pathways may disrupt memory formation by increasing the noise, therefore reducing instead of enhancing the signal-to-noise ratio (Gerlai et al. 1998; Migaud et al. 1998; Uetani et al. 2000; Pineda et al. 2004; Bourtchouladze et al. 2006) . The situation in VP16-CREB high mice may be similar to that described for flies with the dunce mutation, both VP16-CREB high mice and dunce flies show an enhancement of the cAMP pathway, both show an enhanced response to tetanic stimulation (Kuromi and Kidokoro 2000) , and both perform worse than wild-type animals in behavioral tasks (Dudai et al. 1976) , indicating that from flies to mammals, accurate regulation of the cAMPpathway is required for learning.
Our results support a role of CREBdependent gene expression in spatial learning and memory and encourage the ongoing effort in the identification of drug compounds targeted to this signaling pathway to enhance memory formation. However, they also suggest that caution is required in such studies, because only pharmaceuticals that enhance CREB-mediated gene induction within a reasonable range and do not elevate excessively the uninduced, basal level of transcription can restore or enhance complex forms of learning and memory storage. Molecular constraints of memory storage, such as phosphodiesterases (PDE), phosphatases, or transcriptional repressors may prove to be the targets of choice for pharmacological and therapeutic manipulation of memory.
Materials and Methods
Transgenic mice
VP16-CREB
high and VP16-CREB low mice have been described before (Barco et al. 2002; Lopez de Armentia et al. 2007 ). We used Figure 6 . Synergistic effect of VP16-CREB and environmental enrichment on gene expression. VP16-CREB high and control mice were housed in an enriched environment (EE: five VP16-CREB high and three control littermates) or stayed in their standard cages (SC: four VP16-CREB high and four control littermates) for 5 d and were then sacrificed. Dox was removed from the mouse diet 2 d before enrichment. Hippocampal tissue was collected for analysis of gene expression by qRT-PCR using primer pairs targeted to bdnf and c-fos genes. Transcript levels of BDNF and c-fos were increased in VP16-CREB mice. BDNF expression was also enhanced by environmental enrichment. In the case of BDNF, specific primers were used for detecting the transcripts produced from promoter I (BDNF PI) and IV (BDNF P4), as well as primers targeted to a coding sequence common to all transcript (BDNF CS). (*) Significant differences between groups (P < 0.05, t-test); (#) overall differences between genotypes (two-way ANOVA).
as control littermate mice carrying either pCaMKII-tTA, tetO-VP16-CREB, or no transgene. For VP16-CREB high mice, dox was administrated in the food at 40 mg/Kg and removed or added at the indicated times during experimentation to induce or repress, respectively, transgene expression (Mayford et al. 1996) . VP16-CREB low mice were raised in the absence of dox. The genetic background of all mice was C57BL6/J. Mice were maintained and bred according to animal-care standards established by the Institutional Animal Care and Use Committees and national guidelines. The mice were group housed in single-sex cages on a light:dark cycle (12/12 h) with food and water available ad libitum. In all experiments, we used bitransgenic mice and control littermates with the same sex and age range. In the experiments described in Figures 1-3 , we used 3-5-mo-old males. When we first tackled the environmental enrichment experiment, we found that males started to fight when housed in an enriched environment. To avoid this situation, we performed the experiment described in Figure 5 with adult (3-5 mo) females. The genotype effect observed in both experiments (Figs. 1 and 5) indicates that the impairment in VP16-CREB high mice is sex independent. The experiment described in Figure 4 was also performed with adult females. For environmental enrichment, the mice were housed in 50 3 50 3 30 cm white acrylic glass boxes with diverse kinds of bedding, tubing, objects, nesting material, and complete pet food for guinea pigs. The spatial configuration within the enriched boxes was changed every day.
Water maze experiments
The basic water maze experiment was divided in two phases: (1) visible platform (VP) task, in which the animal is forced to swim in a pool filled with opaque water and learns that in order to escape the pool it must reach a transparent platform submerged 1 cm under the water and cued with a black bar. The platform location changed every trial. Mice failing to find the platform after 120 sec were gently guided to it by hand and allowed to remain on it for 15 sec. Mice received four trials of 120 sec maximum, unless otherwise indicated, separated by a 60-120 min intertrial interval every day. (2) In the hidden platform (HP) task, the basic procedures were the same as in the visible platform task, but the submerged platform was not cued and its position did not change during the task. Therefore, in this version of the task, the animal is forced to remember the position of the hidden escape platform using distal surrounding cues. In all of our experiments, the HP task was performed after the VP task so that mice were habituated to the pool. In the experiment described in Figure 1 , we extended the water maze experiment one additional week, performing 5 d of transfer task, in which the hidden platform was moved to the opposite corner of the pool. Probe trials of 60 sec, in which the platform was removed, were performed on specific days during training to assess memory formation. After 60 sec, mice were gently guided to the original platform location and allowed to remain in this position for 15 sec to avoid extinction (the experimenter held the platform in his hand). In some experiments, additional probe trials were performed at specific times after acquisition of the task to evaluate long-term retention of previously acquired spatial information. For the analysis of probe trials, we calculated quadrant occupancy (percent of time), number of crossings in an annulus (area double than that of platform) located at platform position (TQ, target quadrant), and the average of crossings in same sized annuli at equivalent positions in the other three quadrants of the pool. Experiments in Figures 1-3 were performed in a 122-cm pool using HVS Image Analysis System (HVS Image Ltd.). Experiments in Figures 4 and 5 were carried out in a 170-cm pool using SMART software (S.L. Panlab), which made the task more difficult. The confirmation of the same deficits in two different laboratories using different equipment supports the robustness of the phenotype (Crabbe et al. 1999 ). All behavioral procedures were conducted during the light phase of the light cycle. Experimenters were blind to genotypes. The result of the PCR-based genotyping was provided as a factor for statistical analysis of the behavioral data after task conclusion.
Quantitative RT-PCR
Total mRNA was extracted from the hippocampus of bitransgenic and control mice. qRT-PCRs were performed in an Applied Biosystems 7300 real-time PCR unit using SYBR GreenER mix (Invitrogen) and primers specific for c-fos, for the BDNF transcripts transcribed from promoter PI and PIV (Barco et al. 2005) , and for GADPH. Each independent sample was assayed in duplicate and normalized using GAPDH levels.
Statistical methods
Training curves were analyzed using repeated measures ANOVAs including session as the within-subject factor and genotype as the between-subject factor. Housing was included as a second between-subject factor in Figure 5 . In probe trials, comparisons between groups used t-tests and ANOVAs. Within-group comparisons were performed using paired t-tests. Significant preferences toward the target quadrant were determined within each group using single t-tests (against the chance value: 25%). Repeated measures ANOVAs including probe trial as the within-subject factors were applied in Figures 4 and 5 . The results presented in Figures 1 and 5 and their description in the text correspond to two duplicate experiments with similar results. ''Experiment'' was introduced as an additional between-subject factor in the ANOVA analysis of these data. There was no significant ''Experiment'' effect or interaction. Type III sum of squares was used in all ANOVA models. Data in all figures are presented as mean 6 SEM.
